This study investigated the effect of biogenic AgNPs on seed germination and seedling growth of Solanum lycopersicum. Treatment with silver nanoparticles (AgNPs) showed a significantly high germination rate and seedling growth compared to untreated seeds. Furthermore, its bactericidal effect against bacterial pathogen Clavibacter michiganensis subsp. michiganensis (cmm) infection in Solanum lycopersicum was also determined. Bacterial canker of tomato (BCT) caused by cmm results in reduced plant growth and production leading to considerable economic losses. Herein, fungal extracts of T. harzianum and A. fumigatus were used separately as a reducing agent to synthesize AgNPs of varying concentrations (0.088 mg/L, 0.176 mg/L, and 0.44 mg/L). Results suggested that the biosynthesized AgNPs not only worked as bactericide but also completely inhibited the incidence of cmm infection even at the lowest concentration of 0.088 mg/L under greenhouse conditions. Plants treated with AgNPs showed significantly enhanced growth parameters including plant height (cm), tomato yield/plant (g), fresh biomass (g), number of shoots/plant, root weight (g), and dry biomass (g). So, in order to reduce the toxic effects of chemical-based bactericides, biobased AgNPs are recommended, not only to control but also to prevent the bacterial infection in agriculture.
Introduction
Large doses of conventional chemical pesticides have resulted in the development of pest resistance and environmental contamination which are becoming one of the big challenges in agricultural industry. It has compelled research organizations to search for effective alternate (both in terms of cost and performance) plant protection pesticides. Integration of metal-based nanoparticles (NPs) in agriculture should be compatible with these requisites as they offer more efficient and eco-friendly alternates to conventional agricultural practices, e.g., nanopesticides, nanofertilizers, and nanosensors [1, 2] . Emergence of biobased nanopesticides which have a slow release formulation and are able to degrade active ingredients slowly proposes a hope of a more ecofriendly replacement to the chemical pesticides [3, 4] . In particular, fungal-based AgNPs could be the most feasible option due to their excellent antimicrobial potential for most of biomedical and industrial applications [4] [5] [6] . The focus of this study is to utilize beneficial fungi as they have several advantages over other microbes for many reasons; e.g., enzymes secreted by fungi play an important role in the synthesis of silver nanoparticles because of their ability to work both as reducing and stabilizing agents, but the detailed mechanism is still to be elucidated [7] . Previous studies highly recommend A. fumigatus for rapid biosynthesis of AgNPs effective against bacterial pathogens [8, 9] . Though the mechanism behind it is not yet well known, there exists a generally accepted mechanism. Extensive research needs to be carried out to conclude and generalize it.
Among the microbial syntheses of AgNPs, fungi are preferred due to (i) excellent secretion of extracellular enzymes resulting in faster fabrication of AgNPs than chemical synthesis (ii) involvement of NP synthesis in a cost-and timeeffective manner (iii) ease in isolating, culturing, processing, and storage (iv) successful involvement in high-yield economy NPs (v) nanoparticles by fungi being more stable with better monodisparity [7] Myco-based fabrication of metal NPs is getting much research interest due to their extensive application in various sectors ( Table 1) .
This study was designed to synthesize and characterize AgNPs using 2 different fungal strains which is an economical, harmless, eco-friendly, and acceptable method. The fungal strains used were T. harzianum [11] and A. fumigatus. The biosynthesized AgNPs were subjected to in vitro screening for antibacterial efficacy against Gram-positive and Gram-negative bacteria. Based on the excellent outcome of in vitro antimicrobial potential, a greenhouse experiment was conducted to determine the effect of treatments on a control of Clavibacter michiganensis subsp. michiganensis. cmm is a bacterial pathogen responsible for bacterial canker of tomato (BCT) [20, 21] and a major production restraint, causing significant economic losses worldwide. Various biotic and abiotic stress factors contribute to this low yield; however, this study is focused on one of the biotic stress factors known as BCT. Lack of conventional resistance in tomato cultivars has made it very difficult to control it. So, the overarching aim of this study is to develop AgNPs through the green chemistry route with the ambition that these particles contribute some beneficial effects to the industrial agriculture in preventing and treating BCT. The synthesized AgNPs were characterized by UV-visible absorption spectra and X-ray diffraction (XRD) and confirmed by transmission electron microscope (TEM). The effect of pH on AgNPs during synthesis process and its stability behavior for six months were also kept under observation. It was also determined if the reduction process is an enzymatic reaction. Though it is not the first report to employ filamentous fungi A. fumigatus and T. harzianum for the extracellular synthesis of AgNPs, they are used for the first time to control the bacterial pathogen cmm which is considered under quarantine in Europe but still prevalent in many developing and underdeveloped countries. The production of antimicrobial compounds by the fungi P. oligandrum and T. harzianum highlights its importance [22] .
Experimental
2.1. Isolation and Culturing. Pure cultures of A. fumigatus and T. harzianum were collected and reidentified at the Plant Pathology Dept. of the University of Agriculture, Peshawar. The obtained cultures were inoculated and grown using the protocol described by [11] . The experimental steps involved are as follows: The experimental steps involved in AgNP synthesis using the fungal source, their characterization, and antibacterial application in vitro as well in the greenhouse is presented in Figure 1 . The explanation for each step is described with results in brief.
Results and Discussion
3.1. Synthesis of AgNPs. The prepared filtrate of each fungal isolate was brought in contact with AgNO 3 in 1 : 1 at 29°C. A robust colour change from yellow to brown was observed after 24 hours of the incubation period, indicating AgNP formation (Figures 2(a) and 2(b)). A sharp characteristic peak centered at ca. 422-429 nm and 425-4439 nm due to surface plasmon resonance SPR value in the visible region of the spectrum for T. harzianum and A. fumigatus, respectively ( Figure 3 ). Increase in SPR value towards higher wavelength is proportional to the intensity of Ag in the reaction mixture, resulting in an increased number of AgNPs in the solution w.r.t. time [23] . The mechanism behind the synthesis of AgNPs involved bioreduction of silver ions to metallic silver (Ag +2 to Ag 0 ), later on stabilized by the bioactive molecules present in the mycelial cells. During this process, toxic metal ions Ag +2 are reduced to nontoxic AgNPs through the catalytic effect of the extracellular enzyme and metabolites secreted by fungi [24] . No colour change was observed in the control experiment when incubated under the same conditions ( Figure 3 ). However, to justify that fungus-mediated AgNPs are the result of an enzymatic reaction, each of the fungal filtrate was boiled for 15 minutes to denature the proteins secreted by the fungi. This filtrate was used in the same 3 Journal of Nanomaterials way as stated above for AgNP synthesis resulting in no colour change. The resultant reaction mixture was further confirmed for AgNP synthesis by a comparison of its spectra before and after its exposure to fungi as shown in Figure 3 . The absorbance spectra for the reaction mixture showed no absorbance confirming that enzymes secreted from fungi are responsible for reducing Ag + into AgNPs. After the completion of the reaction, the solution was centrifuged at 10,000 rpm for 15 min, the supernatant was separated, and the settled material was dried under reduced pressure to obtain a solid material for characterization purposes.
Stability Test.
To check the stability of the reaction mixture, it was kept at room temperature for six months and the absorption was monitored regularly. Our results confirmed that the solution mixture remains highly stable for six months with no evidence of aggregation of particles.
Effect of pH
Increase in pH has been observed for both samples until a stable SPR peak has been attained using UV-Vis spectroscopy as listed in Table 2 . There was no noticeable change in the SPR value of the reaction mixture after 24 hours of the reaction demonstrating that the reaction came to equilibrium. Under low pH value, a pale white and yellow colour was observed which turned into dark brown with successive increase in pH of the reaction [25, 26] . Production of smaller and regular round-shaped AgNPs has been observed under high pH > 10 [26] . The pH values for the synthesized AgNPs on the selected PDB media were found to be in the range of 8.5-11.0.
For further details into the morphology and size of AgNPs, few drops of liquid suspension was coated on a carbon-coated copper grid and allowed to dry. The grid was then scanned employing HRTEM (JEOL 3000F). The obtained TEM image for AgNPs from both fungal samples displayed well-dispersed round-shaped AgNPs of 3-20 nm and 4-20 nm in size, respectively (Figures 4 and 5 ). TEM images revealed formation on the highest amount of AgNPs for A. fumigatus which is in agreement with the high intensity of the SPR value obtained for A. fumigatus also correlating with the earlier report of [27] . Thus, fungal species A. fumigatus is highly recommended for industrial-scale production of AgNPs. Energy-dispersive X-ray (EDX) analysis for both samples showed a high amount of AgNPs in the silver region confirming complete reduction of Ag + into AgNPs (Figures 4 and 5) . Besides Ag, other weak signals for elements Journal of Nanomaterials Journal of Nanomaterials including C, Cu, O, and Si were also identified due to the carbon-coated copper TEM grid used for sample deposition. SEAD measurements signify that the extracellular synthesis of AgNPs by T. harzianum and A. fumigatus produces highly crystalline AgNPs which is also in agreement with the XRD peak data.
The biosynthesized metal NPs were subjected to PXRD analysis for qualitative measurement (phase variety and crystal structure) using PXRD (STOE Stadi MP). XRD pattern for the synthesized AgNPs was recorded in a wide selection of Bragg angles 2θ (30 to 80) operated at a voltage of 40 kV and current of 40 mA with a scan rate of 0.01°/s. The identified silver peaks were quite intense and comparably very sharp, indicating a high face-centered cubic (fcc) crystal structure of the AgNPs. X-ray diffraction peaks correspond to the (111) (002) (202) (311) and (111) (200) (220) (311) sets of lattice planes ( Figure 6 ). The coherently diffracting crystallography domain sizes of 14.76 nm and 14.02 nm of the AgNPs are calculated from the width of the XRD peaks using the Scherrer formula [28] . Thus, the current XRD data infers that AgNPs synthesized from fungi could be effectively utilized for the green synthesis of round-shaped, crystalstructured, and well-defined dimension AgNPs.
Antimicrobial Effect of Biosynthesized AgNPs
The antibacterial assay of biogenic AgNPs was conducted using standard disc diffusion assay on nutrient agar media described by Noshad et al. [11] . The antibacterial potential for fungal-based AgNPs was evaluated against six bacterial strains including G+ve (E. coli, Agrobacterium tumefaciens, and Xanthomonas campestris) and G-ve (Clavibacter michiganensis subsp. michiganensis, Streptococcus thermophilus, and Bacillus subtilis). The synthesized AgNPs were applied in two different concentrations. A comparative study for AgNPs was made with AgNO 3 as the negative control and streptomycin solution as the positive control. The inoculated plates were incubated at 37°C for 24 h, and the inhibition zones were calculated using a caliper. All the experiments were carried out in triplicate recorded as the mean standard error (±SE). Compared to control treatments, excellent antimicrobial effect was observed for both samples (AgNPs) (Tables 3(a) and 3(b)). The synthesized biogenic AgNPs completely inhibited bacterial growth at all treated concentrations of 0.088 mg/L, 0.176 mg/L, and 0.44 mg/L. In Figures 7 and 8 , it can be observed that the inhibition zones produced by AgNPs are comparable to a standard antibiotic (streptomycin) while being larger than the inhibition zones of control treatments, i.e., SN. Compared to bulk Ag, AgNPs possessed unique biological and physiochemical properties, making them the ideal antibacterial agent. Though the exact antibacterial mechanism of action is yet not understood, there exists a generally accepted mechanism, i.e., through release of Ag + . Many reports suggested the importance of Ag + in enhanced antibacterial effect [29] [30] [31] [32] . There exists a direct relation of the AgNP surface area to released Ag + concentration. AgNPs of the highest surface area will release the highest concentration of Ag + and vice versa. When AgNPs interact with a bacterial cell, they bind to the proteins in the cell membrane and penetrate into the cell. The released Ag + interacts with cellular structures such as respiratory enzymes and releases reactive oxygen species (ROS) resulting in apoptosis like DNA damage and cell death [33, 34] .
Furthermore, it was also observed that the antimicrobial effect for both samples (AgNPs) was stronger against cmm subsp. michiganensis. So a greenhouse trial was planned to check the effect of AgNPs on the cmm control. For this purpose, a seed germination test was carried out first in the laboratory condition to see the impact of AgNPs on the seed germination rate, though several studies have reported varied influence of NPs on seed germination and root growth. For example, AgNPs had positive impact on the germination rate 38 and seedling growth of Pennisetum glaucum [35] . TiO 2 NPs increased the seed germination rate of funnel seeds, and the same effect has been reported for ZnO NPs in cucumber [36] . In the case of corn, barley, and soybean, an enhanced germination rate has been documented using CNTs [36] , though CNTs pose reduced seed germination in L. sativum [35] . Meanwhile, other investigations reported negative impact of CuO-based NPs on the seed germination rate of rice [37] while it had no effect on the seed germination rate of maize [38] .
Results suggested that S. lycopersicum seeds treated with AgNPs resulted in a higher number of sprouted seeds in 3 to 12 days of germination, while in control treatments, the same effect has been observed on 14 to 18 days (Figure 9 ). Furthermore, compared to control treatments, increased length has been observed for AgNP-treated seedlings Table 3 (a) Represents measurement for zone of inhibition (mm) for AgNPs from fungal filtrate of A. fumigatus against the listed microbial pathogens and comparative studies with different controls including streptomycin as the standard and silver nitrate (SN) as the blank 7 Journal of Nanomaterials ( Figure 9 ). The possible reason behind the enhanced seedling growth rate could be the efficient water and nutrient uptake by the treated seeds as AgNPs can penetrate through the seed coat and may activate the embryo. During penetration, AgNPs cause more new pores that remain helpful in carrying nutrients, efficiently leading to fast germination and growth rate [39] . AgNO 3 solution resulted in reduction in all observed growth parameters suggesting the toxic behavior had been dipped into cmm suspension. On the 7 th week of the plant growth, plants were exposed to AgNPs weekly, once the symptoms appeared. Results demonstrated that compared to the control treatment, the biosynthesized AgNPs inhibited the growth of cmm completely (Figure 10 ). Importantly, application of the AgNO 3 solution alone resulted in reduced growth of plants which highly supports our assumption that the stability of AgNPs with the fungal extract might be responsible for reducing its toxicity in agreement with [40] . Compared to the control, all of the plant growth parameters including plant height (cm), tomato yield/plant (g), plant fresh biomass (g), number of shoots/plant, and plant dry biomass (g) showed significant healthy growth supporting the beneficial effect of biogenic AgNPs against the harmful effects of the bacterial pathogen cmm ( Table 4 ).The 9 Journal of Nanomaterials in vitro and screenhouse experiments remain successful against BCT control and showed a similar pattern of results as observed in seed germination and seedling growth.
Conclusion
Due to the antibiotic resistance profile, multidrug-resistant bacteria are developing which is becoming a severe problem. Use of broad-spectrum antibiotics to control it is more toxic, less effective, and more expensive [41] . So the researchers are attracted towards AgNPs, as there is much evidence suggesting that the use Ag + in the form AgNPs enhances the antibacterial activity many folds [42] . Thus, the results presented in this study are novel that could emerge as a better alternate to physical and chemical syntheses of AgNPs. The development of fungi-mediated AgNPs can overcome MDR bacteria, especially cmm subsp. michiganensis which is responsible for the bacterial canker of tomato. However, further studies are required to assess the toxicity level and possible side effects that may arise from the penetration ability of AgNPs. 
